Currently, the diagnostic armamentarium of clinical cardiology lacks the ability to reliably identify the most frequent cause of myocardial infarction, the inflammatory plaque [22] . The majority of infarcts are triggered by acute thrombotic closure of the coronary artery after a thin, fibrous cap ruptures and the thrombogenic core is exposed to blood. Often, these rupture prone lesions do not narrow the vessel lumen more then 50% [9] , are therefore judged non-significant on X-ray coronary angiography, and do not receive the necessary therapeutic attention. The inflammatory plaque has been a target of intense scrutiny in cardiovascular molecular imaging research, because detection and treatment could significantly reduce the burden of cardiovascular morbidity and mortality. Molecular imaging has the potential to result in much earlier detection of subtle disease, assess prognosis and monitor therapeutic intervention [16, 40] . Several recent reviews have comprehensively examined the Matthias Nahrendorf David E. Sosnovik Ralph Weissleder MR-optical imaging of cardiovascular molecular targets j Abstract Our understanding of the intricate inflammation biology underlying atherosclerosis is rapidly progressing. Molecular imaging strategies, harnessing this body of knowledge, have been developed to visualize some key cellular and molecular events in plaque evolution and vulnerability. Here, we discuss recent advances in magnetic resonance and fluorescence imaging of key biomarkers including adhesion molecules, inflammatory cells, and enzyme activity. We discuss strengths and limitations of respective imaging technologies, and comment on the potential of multi-modality imaging approaches. 
role of molecular imaging in cardiovascular disease and the interested reader is referred to these papers [14, 35] . In this manuscript, we review recent advances in molecular imaging of vascular targets, focusing in particular on optical (fluorescence) and MR imaging techniques.
Optical and MR imaging
MRI and fluorescence imaging have several attractive attributes that have driven the development of molecular imaging strategies for these modalities. First, no radiation is involved in either technique, which facilitates frequent and serial studies without imposing potentially hazardous radiation exposure on the patient. MRI provides high-resolution images of the vessel wall with unsurpassed soft tissue contrast. MRI can be used to distinguish components of certain atherosclerotic plaques, such as those in the carotids, including their lipid cores and fibrous caps [37, 45] . In addition, the use of angiographic and phase contrast techniques allows MRI to assess the anatomical and physiological significance of plaque in the vessel wall.
Two groups of imaging agent are frequently used for vascular molecular MRI, magnetic nanoparticles (MNP) with a detection limit in the low nanomolar range, and novel gadolinium constructs in which large payloads of Gadolinium are loaded into a variety of delivery vehicles including liposomes, micelles and lipoproteins. The technology underlying MNP is extensively reviewed in this supplement in the article by Sosnovik and colleagues, and that of novel gadolinium based constructs by Waters and Wickline.
Clinical translation of vascular fluorescence imaging is still at an early stage, however, development of intravascular fluorescence catheters and sensitive detection systems may open this field in the near future [41, 46] . Currently, fluorescence imaging is a powerful technique in preclinical research, allowing one to obtain cellular and molecular information with microscopic resolution using invasive techniques. Completely noninvasive fluorescence molecular tomography (FMT) complements microscopy and provides 3D sub-millimeter resolution by capitalizing on the deep tissue penetration capabilities of NIR fluorescence. Current FMT has an in vivo detection limit of 1 picomol fluorochrome (10 nM) [25] and has recently been performed successfully in the heart in live mice with healing myocardial infarcts [24, 34] . Intravital microscopy [27] and fluorescence microscopy of tissue sections deliver molecular information on cellular and subcellular [13, 15, 23] . Hybrid magnetofluorescent imaging agents have recently been developed for cardiovascular imaging [15, 23, 24] . While the ultimate clinical goal of developing a novel imaging agent may be in-vivo detection by MRI, derivatisation Fig. 1 Role of NIR fluorochromes in agent development and validation. a, b fluorescence microscopy of endothelial cells which have been incubated with a targeted magnetofluorescent nanoparticle a. The uptake can be competetively inhibited b, which demonstrates specificity of a candidate agent. c Incubation of murine peritoneal macrophages with magnetofluorescent nanoparticles with different surface modifications. Through small molecule surface modifications, it is possible to completely re-direct MNP from macrophages (red) to endothelial cells (orange). d Fluorescence reflectance imaging of an excised aorta, after injection of magnetofluorescent nanoparticles into a mouse model with atherosclerosis. This approach allows for rapid and cost-effective analysis of agent performance. e, f Fluorescent properties of nanoparticles allow for microscopic analysis of uptake. In e uptake of the nanoparticle (red channel in fluorescence microscopy) into smooth muscle cells (green immunoreactive staining for alpha actin) of the media underneath a plaque is shown. f, g demonstrate uptake into plaques in the aortic root of an apoE )/) mouse. h, i Finally, more time-and costintensive in vivo vascular imaging demonstrates uptake of nanoparticles in T2* weighted gradient echo imaging of the aortic arch i [15] with fluorochromes enables probe validation by fluorescent microscopy and flow cytometry techniques (Fig. 1) . In addition, ex vivo fluorescent imaging of target tissue or excised organs provides a fast and costeffective step before embarking on sophisticated MRI to assess the in-vivo performance of a candidate probe (Fig. 1) .
Magnetic nanoparticles
The largest preclinical and early clinical experience to date in the imaging of plaque macrophages has been with carbohydrate coated magnetic nanoparticles. Phagocytic ingestion of these nanoparticles by macrophages (and to lesser degree other cells) is a measure of plaque inflammation, and has been imaged in mice (Fig. 2a, b) [15, 21] , large animal models such as rabbits [31, 32] , and in human carotid arterial plaques ( Fig. 2c, d ) [18, 38] . In a study using the hybrid magnetofluorescent nanoparticle CLIO-Cy5.5 in cholesterol fed apoE )/) mice, the exact cellular distribution of the nanoparticles has recently been characterized [15] . While the majority of CLIO-Cy5.5 was taken up by plaque macrophages, activated smooth muscle and endothelial cells also ingested the probe to a lesser degree [15] . A good correlation between in-vivo visualization of nanoparticles and histological presence of macrophages has also cosistently been found in large animal models and human trials [15, 18, 31, 32, 38] . In the era of personalized and preventive medicine, one of the primary goals of molecular imaging is the detection of subclinical or early disease [40] . The development of probes for detection of endothelial adhesion molecules such as vascular cell adhesion molecule-1 (VCAM-1) [17, 23, 39] is thus of significant importance, since these targets are expressed early on in disease progression. VCAM-1 is expressed on activated endothelial cells, macrophages and smooth muscle cells and participates in the inflammatory initiation and progression of atherosclerotic plaques [7, 26] . Adhesion molecules mediate the recruitment of leukocytes to the plaque while facilitating their transmigration into the nascent atheromata [19] . Several generations of VCAM-1 targeted MR probes have thus been developed, using the magneto-fluorescent nanoparticle CLIO-Cy5.5 as a platform. The first of these agents used a VCAM-1 targeted antibody as an affinity ligand [39] , followed by a cyclic peptide to bind to VCAM-1 [17] . Recently, a phage-derived linear peptide was employed to synthesize a third generation probe with superior target affinity [23] . The major advance in this developmental effort is the increasing number of affinity ligands that were attached to one nanoparticle. Steric chemical constrains limited the number of antibodies to one or two per MNP, and was increased to four ligands in the case of the cyclic peptide. The surface of the most advanced version was decorated with as many as 20 peptides, thereby increasing target affinity substantially. The experience with the linear peptide based MNP strongly illustrates the potential of molecular MRI. VCAM-1 expression could be successfully imaged in the aortic roots of living apoE )/) mice using this probe (Fig. 3) [23] . In addition, the effect of statin treatment on VCAM-1 expression was detected invivo by demonstrating decreased probe accumulation in the aortic wall ( Fig. 3b-e) [23] . This VCAM-1 sensing MNP thus detected a sparsely expressed target, and also demonstrated adequate dynamic range mice. Twenty-four hours following 15 mg Fe/kg of MNP injection, T2*-weighted gradient echo imaging was performed in a 9.4-T MR scanner. Strong focal signal loss was observed in the aortic root and transverse aortic arch (arrows) [15] . b Ex vivo 14-T high-resolution aortic MRI of representative apoE
mouse that received MNP. Focal MRI signal loss was noted in the aortic root and transverse arch, similar to the in vivo images (arrows) [15] . c, d MRI of a carotid artery containing atherosclerotic plaques (circle) before (c) and after injection of MNP (d) in a patient [18] to detect a treatment effect. Another adhesion molecule, E-selectin (CD62E, endothelial leukocyte adhesion molecule 1) is upregulated on endothelium by cytokines like IL-1b or TNFa, and imaging E-selectin may thus also provide a method of determining the activation state of the endothelium. Reynolds et al. [29] targeted E-selectin with magnetofluorescent nanoparticles decorated with anti-murine monoclonal antibody to image an inflamed ear mouse model. Funovics et al. [11] have recently designed a MNP by attaching an E-selectin binding peptide to a CLIO nanoparticle at high valency (30 peptides/nanoparticle). To demonstrate the specificity in vivo, they employed a novel method consisting of the coinjection of a Cy5.5 labeled E-selectin MNP and a Cy3 labeled control MNP, and demonstrated a high ratio of Cy5.5-Cy3 fluorescence. Apoptosis plays an important role in the biology of atherosclerosis plaques, and cardiomyocyte apoptosis has been successfully imaged by MRI in mice in vivo using a magnetofluorescent annexin [36] . The role of this probe in the assessment of vulnerable plaque, however, remains to be defined.
Fluorescence imaging of proteolytic enzyme activity
Given the key role of proteases (in particular MMP and cathepsins) in the rupture of vulnerable plaques, several protease-activated optical imaging agents have been developed. In one of the first studies, a proteaseactivatable fluorescence sensor based on a polymeric scaffold that allows imaging of pan-cathepsin activity (pH dependent cleavage of cathepsins B > S, L, K) was employed [5] . The fully assembled scaffold of this agent consists of near infrared fluorochromes grafted onto a partially methoxypegylated poly-L-lysine. Proteolytic cleavage of the scaffold released the fluorochromes and results in extensive fluorescence generation (de-quenching) [42] . This agent has been used to image inflammation in macrophage and cathepsin rich atherosclerotic lesions by noninvasive fluorescence mediated tomography (Fig. 4a) [5] . Probe activation could also eventually be detected by using intravascular NIRF catheters during cardiac catheterization [46] , or non-invasively in carotid arteries. Recently, NIRF substrates for gelatinases (MMP-2/gelatinase-A and MMP-9/gelatinase-B) [8] and cathepsin K [13] have been employed to image atherosclerotic apoE )/) mice, using a similar strategy of probe activation. In addition, an activatable probe was developed to selectively target cathepsin S [12] .
Fusion and multiplex molecular imaging
Optical imaging modalities such as FMT [41] could benefit from integration with an anatomical imaging modality such as MRI or CT. Similar as in PET-CT or PET-MRI, anatomical detail can be used for more accurate reconstruction or molecular information. Secondly, visualization of molecular information onto anatomic maps affords maximum information content. Hybrid probes with reporter capabilities in two or more imaging modalities, e.g. nanoparticles with an iron oxide core for T2* weighted MRI which are derivatized with fluorochromes and/or PET tracers (64Cu, 18F), may further enhance the utility of these integrated imaging systems.
The combination of several molecular probes with different targets within one imaging session may be particularly valuable for solving complex basic research and clinical problems. Multispectral optical imaging is mice, provides unique landmarks for exact slice repositioning in repetitive imaging studies, and sports excellent image contrast, because the aortic wall is surrounded by flowing blood. b, c The treatment effect of statins on VCAM-1 expression was detected by non-invasive imaging after injection of a VCAM-1 targeted nanoparticle. d, e Fluorescence microscopy corresponding to MRI shown in b, c [23] supported by fluorochromes which are excited at distinct and different wavelengths and imaging systems such as FMT and fluorescence microscopes with multichannel capabilities. Using a panel of molecular imaging agents enables interrogation of integrated biological sytems, for instance by simultaneous imaging of macrophage phagocytic and proteolytic activity [24] . In a study aiming to investigate aortic valve degeneration, expression of VCAM-1, macrophage recruitment, protease activity and early calcification was investigated with a multiplex imaging approach (Fig. 4b) [1] .
Gadolinium based probes
Beyond the conventional lanthanide chelates with rapid distribution and renal clearance, a number of newer Gd containing compounds have been described recently. Gadofluorine is a fluorinated chelate of gadolinium which is more lipophilic and has a longer circulation half-life. In a rabbit model of atherosclerosis, gadoflourine accumulated preferentially in lipid rich atherosclerotic plaques (Fig. 5a) [3, 33] . A gadolinium containing liposome targeted to the avb3 integrin has been used to image local increase in angiogenesis in a rabbit model of atherosclerosis (Fig. 5b) [43] . A theranostic approach that combined anti-angiogenic therapy with imaging has also been described, which was achieved by incorporation of the anti-angiogenic agent fumagillin into the liposome [44] . Subsequently, a decreased uptake of the probe indicated reduced plaque angiogenesis.
Recombinant HDL-like nanoparticles containing Gadolinium have been proposed as a platform for molecular MRI of atherosclerosis [10] , and have been shown to accumulate in atherosclerotic plaques (Fig. 5c) . The rate of uptake of HDL-like nanoparticles into the plaques of apoE )/) mice was correlated to the lipid and macrophage content of the plaque. Plaques with a high macrophage density tended to accumulate the probe quicker than those with a low macrophage content [10] . Plaque macrophages in apoE [33] . b Imaging of angiogenesis in atherosclerosis with a Gadolinium containing liposome which is targeted to the avb3 integrin [43] . c In a rabbit model of atherosclerosis, lipid-rich plaques take up recombinant HDL-like nanoparticles and are detected by MRI [10] have also been targeted with a gadolinium containing micelle decorated with an antibody targeted to the macrophage scavenger receptor [2, 20] .
Recently, Chen et al. [6] reported on the use of a Gd containing myeloperoxidase sensitive imaging agent (gadolinium-5-hydroxytryptamide-DOTA or gadolinium-bis-5hydroxytryptamide-DTPA). Myeloperoxidase (MPO) is primarily produced by neutrophils and monocytes/macrophages and is abundant in atherosclerotic lesions. Indeed, plasma levels of MPO have been used as a biomarker for prognosis [4] . Myeloperoxidase induces oligomerization of the substrate in addition to local incorporation into proteins, both increasing R1 relaxivity and trapping end-products locally. Combined, these mechanisms result in high target-to-background ratios (Fig. 6a) . Using a murine model of MPO-containing matrigel implantation and myositis, the strategy was successfully applied for in-vivo imaging (Fig. 6b, c) [6] , and has recently been applied to image inflamed atherosclerotic lesions in a rabbit model [30] . Another approach based on iron oxide nanoparticles and magnetisation switch effects has also been described [28] . Ongoing investigation in animal models of atherosclerosis and vasculitis will determine the utility of these MPO sensors for vascular targets.
Outlook
Within the near future, we will witness a change of paradigm in vascular imaging, which is empowered by advances in imaging technology and reporters probes. Instead of simply following the physical distribution of established contrast agents as is current clinical standard in X-ray coronary angiography, we will have the opportunity to noninvasively image biological processes such as enzyme and cellular activity, and interaction with cell surface markers. These advancements open up new avenues in basic cardiovascular research and will speed up the pace of discovery. Clinical translation of these strategies will ultimately lead to more timely and precise diagnostics, and thereby enable personalized and preventive medicine. A washout of contrast material enhancement can be seen in Gd injected mice at 50 min, however, a noticeable increase in contrast material enhancement could still be seen at 50 min in MPO-Gd injected mice [6] 
